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ABSTRACT:  The effect of tensile pre-strain and aging on the brittleness of mild steel at typical building 
service temperatures was investigated.  Brittle cleavage modes of fracture were developed at temperatures as 
high as 10 and 20 oC in side-grooved CTOD specimens, that had been prepared from steel pre-strained by 
9.8% or more.  The CTOD three-point bend samples, SENB3, were cut from 25 mm thick flanges of 
310UC158 Grade 300Plus steel column sections and were naturally aged for 11 months or more after pre-
straining.  The effect of natural aging was more pronounced than expected, significantly raising the tensile 
properties of the pre-strained steel. The fracture properties of the steel were also affected by the combination 
of pre-strain and aging.  Steel that had been pre-strained by 4.9 % and aged showed the greatest increase in 
fracture toughness, compared to as-received steel, and failed by ductile fibrous fracture at 10 oC. Steel that 
had been pre-strained by 9.8% and 17.7% and then aged, exhibited a smaller increase in fracture toughness.  
At 10 and 20 oC this more highly pre-strained steel failed by brittle cleavage fracture, while at 30 oC failure 
was by ductile fibrous fracture. Examination of the fracture surfaces by scanning electron microscope 
indicated that cleavage fracture in the aged pre-strained steel was influenced by the density of non-metallic 
inclusions.  The effect of the development of brittle cleavage modes of fracture in the pre-strained and aged 
steel at typical building service temperatures requires further investigation to assess the implications on 
structural integrity of pre-strains introduced during fabrication and those caused by design events such as 
earthquakes and explosive blasts.  
The study also found that the Direct Current Potential Drop method, DCPD, of determining fracture 
initiation and therefore fracture properties, was more effective than the single specimen test procedure 
specified in BS7448-4:1997.  All the specimens tested exhibited Type 4 or Type 6 force versus displacement 
characteristics according to BS 7448:Part1:1991.  The fracture initiation values, δi , identified by the DCPD 
method were in reasonable agreement with the δu values calculated using BS 7448:Part1:1991, for the 
specimens that showed Type 4 characteristics.  However the δm values calculated for specimens with Type 6 
characteristics using BS 7448:Part1:1991, significantly over-predicted the CTOD at initiation, compared to 
that found using the DCPD method.  
1 INTRODUCTION 
The fracture behaviour of constructional steels, used in buildings designed to resist earthquakes, has 
gained increased interest following the Kobe and Northridge earthquakes in the mid 1990’s.  Some 
unpredicted brittle failures of structural steel assemblies occurred in both these events.  This paper 
describes the investigation into the fracture behaviour of CTOD and Charpy V-Notch specimens 
made from the most commonly used constructional steel in Australia and New Zealand.  To 
simulate the effect of fabrication residual strains and earthquake events, the steel was pre-strained 
by varying amounts, then aged naturally and tested under temperature controlled conditions.  This 
paper describes the experimental method used, summarises and discusses the results and then 
develops conclusions. 
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2 EXPERIMENTAL METHOD 
2.1 Tensile Pre-straining  
Material 
Following a series of pre-strain calibration tests, six dog bone shaped samples with minimum 
dimensions of 75 mm x 25 mm were pre-strained in tension to 4.9%, 9.8% and 17.7% engineering 
strain. The samples were cut from flanges of an Australian manufactured 300PLUS 310UC158 
column section, compatible with AS/NZS 3679.2, with a Mill supplied chemical analysis as shown 
in Table 1.  To maintain the grain structure of the steel as–received, no heat treatment was applied 
to the steel.   
 
C Mn Si S  P Ni V Nb Ti Al N 
0.17 1.47 0.100 0.014 0.017 0.007 0.001 0.001 0.001 0.025 0.0064 
Table 1  Mill certificate chemical analysis of  300Plus 310UC158, wt-% 
Pre-Straining Procedure 
Pre-straining was applied in an Avery test machine using manual force control in conjunction with 
portal gauge output.  The loading rate was set to be below 10 kN/s so as to satisfy the limits set by 
the tensile testing standard, AS1391-1991 Section 12. 
  
Pre-straining calibration tests utilising surface mounted strain gauges in combination with portal 
gauges, proved the reliability of the portal gauges.  Portal gauges, one on each face, were attached 
to wire lugs spot welded to the specimen surface. The two portal gauges were wired into a data 
logger, along with the Avery test machine force output.  A time trace from the computer was 
recorded on one channel to enable strain rate to be assessed.  The data logger used was a Hewlett 
Packard HP-7500, with 96 channels, attached to a Pentium 100MHz  PC.  The data logger and the 
portal gauges were zeroed using a two volt excitation signal logged on the first data channel.   
2.2 Aging 
After pre-straining, mechanical test samples were cut from the test pieces.  These were naturally 
aged for 11 to 17 months prior to commencing CTOD and corresponding tensile tests.  The 
specimens were aged at temperatures at the lower end of service temperatures for structural 
steelwork in buildings in New Zealand. The aging included storing the specimens for a period of 2 
months at room temperatures of approximately 20 oC and then storing them at 5 oC for 9 or 15 
months until required for tensile and CTOD testing.    
2.3 Charpy V-Notch Testing 
Charpy V-Notch testing was performed two months after pre-straining, on specimens cut from the 
pre-strained samples.   
2.4 Tensile Testing 
Tensile specimens were tested at 11 months after pre-straining to coincide with the first batch of 
CTOD tests.  Tensile tests were made under temperature-controlled conditions at 10 oC, to identify 
aging effects due to pre-straining. Hounsfield-type specimens were prepared with 7.6 mm diameter 
shafts and 41.2 mm clear length between specimen shoulders.  The specimens were only tested at 
10 oC  as little variation in tensile strength typically occurs at temperatures between 10 to 30 oC, 
corresponding to the CTOD test temperatures. 
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2.5 CTOD Testing 
Temperature Controlled Test Procedure 
In order to develop CTOD test results and fracture behaviour in the specimens relevant to the 
service conditions of the majority of structures subject to earthquakes, CTOD specimens were 
tested in temperature-controlled baths at 10, 20 and 30 oC.  The temperatures of the specimens were 
controlled by immersing the specimens in a mixture of ethanol and dry ice for tests at 10 and 20 oC.  
The specimens were immersed in water for the tests at 30 oC and the temperature controlled by 
adding ice and heated water as required.  A thermocouple attached to the sides of the specimens 
adjacent to the crack tip was used to monitor temperature during the tests. 
 
Testing was done in accordance with BS 7448:1991, Parts 1, (BSI 1991), and 4, (BSI 1997).  Three-
point bend specimens, SENB3, were made with nominal dimensions of depth, W=32 mm, breadth, 
B= 16 mm, and span, S=128 mm. Due to the ductile nature of the material the CTOD specimens 
were side-grooved by 0.1B or 1.6 mm each side after pre-cracking, in line with the pre-crack.  The 
specimens were set up in the MTS testing machine and loaded  at a cross head speed of 1.5 mm/min 
which was estimated to be equivalent to a constant  loading rate at the crack tip of 1.8 MPa.m0.5 /s. 
Direct Current Potential Drop Monitoring of Crack Initiation 
A direct method of measuring the plane strain fracture toughness, IcK ,  is not possible with ductile 
materials such as the mild steel used in this study.  However if the crack tip opening displacement 
can be assessed at the initiation of crack propagation, iδ , then the strain energy released due to the 
extension of the crack over a unit width of crack front, IcG , and the plane strain fracture toughness, 
IcK , can be inferred using the following equations: 
iyIc nG δσ=   22 1 ν−=
Ic
Ic
EGK  
     =yσ    Yield stress 
=n    Yield stress multiplier  
     =E  Young’s modulus 
     =ν   Poisson’s ratio 
Equation 1 Strain energy release rate and fracture toughness 
The useful assumption that plane strain conditions occur at the at the centre of the test pieces, where 
fracture initiates, is based on the finding that iδ  is independent of mild steel COD specimen 
thicknesses between 5 and 17mm, (Smith and Knott 1971) .  For this to occur an equivalent tri-
axiality of stress state must exist at the centre of the specimens that implies plane strain conditions 
at initiation.  The yield stress multiplier, n , allows for some enhancement of the yield stress due to 
the effects of tri-axial constraint at the point of fracture initiation.  Its value may vary between 1 and 
2, depending on section geometry.  The results of this study are reported assuming a constant value 
of =n 1 for all specimens.  The actual value of n has not been assessed. 
  
The Direct Current Potential Drop method, DCPD, for identifying the initiation point of crack 
propagation was pioneered in the early 1970’s, (Lowes and Fearnehough 1971).  Since then the 
method has been compared with the partial unloading compliance method, PUC, and been found to 
be reliable.  This is  particularly the case where side grooves are made to the specimen to limit 
tunnelling of the fracture surface in ductile materials, (Hollstein, Blauel et al. 1985).   
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The electrical resistance of a cracked specimen changes with the crack length.  When a constant 
current is applied, the change in electrical resistance results in a change in the potential between 
measuring points either side of the crack.   As long as the change in crack length is the only source 
of resistance change, the relationship between potential drop and crack length can be determined by 
experimental calibration or by solving the governing differential equation.  The Johnson equation, 
shown below, expresses such an analytical calibration solution for direct current through an 
infinitely long single edge notched, centre notched or double edge notched specimen, (Bakker 
1985). The equation shows that if specimen width, W , initial probe spacing, y2 , initial crack 
length, 0a  and loading configuration are known, then crack growth can be identified by a change in 
electrical potential, U , through the specimen. The potential is normalised to its initial value, 0U , 
that occurs at the initial crack length, 0a . 
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Equation 2  The Johnson equation 
2.6 Microscopy 
Fracture surfaces and crack lengths were inspected and measured using an optical profile projector.  
Scanning Electron Microscopy was used to more closely identify the transition between fibrous and 
cleavage initiation zones and also to investigate the effect of inclusions on cleavage fracture.   
3 EXPERIMENTAL RESULTS 
3.1 Pre-straining 
Pre-straining data is summarised in Table 2 in terms of engineering stress and strain.  The strain 
hardening strain describes the strain at the end of the yield plateau at which the material begins to 
strain-harden.  
 
Table 2 Tensile pre-strain properties prior to aging 
3.2 Charpy V-Notch Testing 
The effect of tensile pre-strain on the Charpy V-Notch, CVN, impact properties, is to shift the 
transition temperature curve significantly and reduce its slope. The CVN tests showed a shift in the 
impact energy transition curve as the level of pre-strain increased, up to the onset of necking or 
UTS for this steel, of 17.7%.  For the steel pre-strained to 17.7% the shift of the 27J temperature is 
approximately 55 oC.  The limitation of CVN testing is that the CVN energy values can not be 
directly related to fracture toughness properties at loading rates associated with seismic response of 
structures. The testing and results, are reported in detail by the authors elsewhere, (Hyland, 
Ferguson et al. 2003).    
Specimen Units AO4 AO5 AO6 AO7 AO8 AO9 
Upper Yield Stress MPa 298.0 315.8 307.3 310.4 308.8 NA 
Lower Yield Stress MPa 295.9 304.9 305.9 303.5 307.3 297 
Stress at Final Pre-strain MPa 478.2 477.5 465.2 467.5 421.5 425.0 
Upper Yield Strain ey % 0.19 0.20 0.17 0.20 0.15 NA 
Strain Hardening  Strain es % 1.10 1.20 1.25 1.22 1.22 0.95 
Final Pre-strain Level  emax % 17.65 17.79 9.83 9.83 4.92 4.84 
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3.3 Tensile Testing 
A significant rise in the tensile properties of the samples was found after aging, above those 
measured during the initial pre-straining.  The change due to strain aging can be seen by comparing 
the stress developed at the pre-strain level in Table 2 with the yield stress after aging developed by 
the samples with the same pre-strain level, shown in Table 3. 
3.4 CTOD Testing 
Direct Current Potential Drop Identification of Crack Initiation 
For the specimens used in this set of tests the values for the Johnson equation variables are all very 
similar. The limitation in assessing the initiation point using the DCPD method relates to the 
identification of the point at which the initial stretch zone effects, which lead to an approximately 
linear electrical potential vs load displacement curve, are overcome, (Bakker 1985).  This point is 
typically identified, using some engineering judgement, by the tangent between the initial linear and 
the latter non-linear parts of the curve described by the Johnson equation.  A review of the four 
specimens which developed fast cleavage fracture after some small and varying amount of micro-
void growth or fibrous crack development, showed that the potential ratio, 0UU , at the start of 
cleavage varied little between the specimens.   
 
ID Pre-
Strain 
Yield 
Stress at 
10 oC 
CTOD 
Test 
Temp. 
Crack 
Growth at 
Cleavage 
BS 7448.1 CTOD 
Properties 
DCPD Crack Initiation Properties 
(U/U0 = 1.028) 
  σy10 T ∆a Type 4 δu 
Type 6 
δm 
δi GIc 
n=1.0 
KIc 
n=1.0 
 % Mpa oC mm mm mm mm J/m2 MPa.m0.5 
11-3 0 306.0 10 - - 0.821 0.276 0.0845 137.9 
11-4 0 306.0 10 - - 0.604 0.227 0.0696 125.2 
10-1 0 306.0 10 - - 0.897 0.214 0.0653 121.3 
8-2 4.9 500.0 10 - - 0.317 0.237 0.1184 163.3 
9-3 4.9 500.0 10 - - 0.416 0.206 0.1029 152.2 
8-1 4.9 500.0 10 - - 0.328 0.195 0.0973 148.1 
6-1 9.8 565.4 10 0.689 0.248 - 0.166 0.0937 145.3 
6-2 9.8 565.4 20 0.211 0.171 - 0.170 0.0961 147.1 
7-3 9.8 565.4 30 - - 0.253 0.187 0.1055 154.2 
1-4 17.7 619.0 10 0.616 0.162 - 0.147 0.0910 143.2 
5-3 17.7 619.0 20 0.453 0.158 - 0.146 0.0901 142.5 
4-2* 17.7 619.0 30 - - 0.116 0.084 0.0521 108.3 
 
Table 3  CTOD tests results for n=1.0 
 
This is significant given that the range of potential ratio through all the tests varied from 1.000 to 
1.900.  Therefore, as the physical geometry of the specimens was constant, an electrical potential 
ratio was set that was considered to reasonably identify the initiation of crack growth for all the 
specimens, based upon that measured in specimen 6-2, with the least fibrous crack extension prior 
to cleavage.  This benchmark ratio at initiation, 028.10 =UU , was also found to be consistent with 
tangent points identifiable graphically on plots of the other specimens.  
 
A summary of CTOD test data is tabulated in Table 3.  Crack growth measured prior to onset of 
cleavage is identified for those samples for which cleavage occurred. Crack extension in those cases 
was typically measured using a Scanning Electron Microscope, SEM, to identify the extent of each 
form of fracture surface.  The CTOD at initiation, assessed using DCPD, was found to decrease 
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proportionally with increase in pre-strain as shown in Figure 1.   Specimen 4-2* had slightly offset 
side-grooves and suffered some deformation during machining of the side-grooves, that may have 
lead to the unusually low values.  However the development of a ductile fibrous mode of fracture at 
30 oC in the 17.7 % pre-strained sample is of interest, considering that the brittle cleavage fracture 
occurred in the 17.7 % pre-strained samples at 10 and 20 oC . 
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    Figure 1 CTOD at DCPD initiation      Figure 2  Plane strain energy release rate at DCPD  
                        initiation for n =1.0 
Plane Strain Energy Release Rate 
The plane strain energy release rate at initiation, 
GIc , was found to rise to a maximum at 4.9 % 
pre-strain and drop away at greater pre-strains, 
as shown in Figure 2.  Both pre-strain and strain 
aging increase the yield strength, which leads to 
an increase in GIc, even though CTOD is 
decreasing. In addition no cleavage fracture 
occurred in samples tested between 10 and 30 oC, 
with pre-strains of up to 4.9 %. Therefore the 
combination of up to 4.9 % pre-strain acts to 
enhance the resistance of the material to crack 
propagation without precipitating failure by 
cleavage fracture.   
Specimens pre-strained at levels greater than this developed lower levels of increased resistance to 
crack growth propagation and also developed failure by cleavage at temperatures between 10 and 
20 o C. 
Plane Strain Fracture Toughness 
The plane strain fracture toughness assessed using the DCPD method of assessing crack initiation 
follows a similar pattern to the strain energy release rate plot, but with a softer variation, as shown 
in Figure 3.  Maximum plane strain toughness was similarly identified at the 4.9 % pre-strain level. 
3.5 Fractography 
The fracture surfaces of the aged specimens showed the dull fibrous thumbnail associated with 
ductile tearing and the brightly faceted features of the cleavage fracture surfaces.  SEM pictures 
identified the transition from fibrous initiation through to cleavage.  The influence of non-metallic 
inclusions on the cleavage mode of fracture was also evident.  Micro-void coalescence was clearly 
visible in the fibrous fracture zones. 
Figure 3  Plane strain fracture toughness at DCPD 
initiation for n =1.0 
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4 DISCUSSION OF RESULTS 
4.1 Tensile Properties 
A surprisingly large aging enhancement of the tensile properties of the pre-strained steel occurred, 
under the gentle natural aging process used in this test series.  This led to some improvement of the 
fracture properties for pre-strains up to 5%.   However this more significantly contributed to the 
development of brittle cleavage fracture modes in the samples pre-strained to higher levels and 
tested at 10 and 20 oC. 
4.2 Cleavage Fracture 
Cleavage fracture was found to occur at temperatures of 10 and 20 oC, well within the normal 
service temperature range of earthquake resisting building structures.  No significant reduction in 
plane strain energy release rate is apparent between those samples that developed fast cleavage 
fracture and those that maintained stable fibrous crack growth.  The energy release rate in terms of 
G , measures the change in energy released with change in the crack length, with no reference to the 
time elapsed in developing that growth.  However the energy released per second is significantly 
different between those that experience fast fracture and those that develop slow fibrous fracture. 
The structural implications on a seismic resisting structure are significantly more severe should 
cleavage modes develop.  Structural engineering design models typically require a ductile yielding 
energy-dissipating damage response, implying slow rates of crack propagation, if any, in critical 
structural elements.  The level of pre-strain and aging at which cleavage developed may be 
comparable to residual strains developed in steelwork assemblies during fabrication or during 
medium seismic events.  Therefore further investigation is necessary to assess possible 
consequences of the cleavage modes of fracture on seismic design of building structures. 
4.3 Role of Inclusions 
Cleavage fracture appears from the SEM fractography to have nucleated at non-metallic inclusions 
in some instances.  This is different to the generally accepted model of cleavage fracture in mild 
steel, involving the formation of  a micro crack in a grain boundary carbide as a result of localised 
plastic deformation of the matrix, followed by the growth of the micro crack into the surrounding 
ferrite at some critical value of tensile stress, (McRobie and Knott 1985). The fracture patterns 
observed are however consistent with that observed in pre-strained C-Mn weld metal, (Tweed and 
Knott 1983).  The variability of non-metallic inclusion density through the samples also provides 
some explanation to the variability of onset of cleavage between samples. 
5 CONCLUSIONS 
Brittle cleavage modes of fracture were developed at temperatures of 10 and 20 oC in CTOD, 
SENB3 samples cut from 25 mm thick flanges of 310UC158 Grade 300Plus steel column sections.  
The samples that developed cleavage had been pre-strained 9.8% or more and naturally aged.   
 
The effect of natural aging for 11 to 17 months was more pronounced than expected, raising the 
tensile properties of the pre-strained specimens significantly. 
 
Specimens that had been pre-strained by 4.9 % and aged showed the greatest enhancement in 
fracture toughness at 10 oC, without developing cleavage fracture modes of failure.  Specimens pre-
strained to 9.8 % and 17.7 % developed a lower increase in fracture toughness and a brittle cleavage 
mode of fracture at 10 oC. 
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The use of the Direct Current Potential Drop method, DCPD, to assess CTOD at the initiation of 
crack growth  was found to be effective for ductile specimens with Type 4 and 6 force versus 
displacement characteristics described by BS 7448:Part1:1991.  The initiation values, iδ , identified 
by DCPD method allow a better assessment of fracture toughness to be made than by using mδ or 
uδ determined in accordance with BS 7448. 
 
The nucleation of cleavage fracture in the aged pre-strained steel is influenced to some extent by the 
density and size of non-metallic particles. 
 
The effect of the development of brittle cleavage modes of fracture in the pre-strained and aged 
steel samples at typical building service temperatures requires further investigation to assess the 
implications for structural design and post-event assessment of buildings for earthquakes and other 
extreme design events.  
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